ABSTRACT. High tunnels have been widely adopted for red raspberry (Rubus idaeus) production in the United States to extend the harvest season and increase yields. In this study, effects of high tunnel production on contents of plant secondary metabolites (anthocyanins, carotenoids, tocopherols, and ellagitannins) in red raspberry fruit were determined for three fall-fruiting cultivars (Autumn Britten, Caroline, and Nantahala) grown at three locations in North Carolina under field and high tunnel cultivation systems. Cultivar was the primary contributing factor to variation in phytochemicals, with minor effects of location and production system. The anthocyanin cyanidin-3-glucoside and the carotenoids a-carotene, b-carotene, lutein, and zeaxanthin were higher in fruit produced in field compared with tunnel cultivation (P < 0.01). Accumulation of total anthocyanins and tocopherols in fruit were unaffected by high tunnel cultivation in comparison with traditional field cultivation. Carotenoid content varied by genotype and production system. 'Autumn Britten' and 'Caroline' showed no difference, but were higher than 'Nantahala' for a-carotene, b-carotene, 9-cis-b-carotene, and lutein D zeaxanthin (P < 0.0001). Phytochemical differences among field and tunnel produced fruit have important implications for breeding with increased nutritional value in mind, and also the understanding of the relationships of plant pigments to light and temperature.
Market demand for fresh red raspberries has greatly increased with health conscious consumers, due to their high flavonoid content Seeram, 2008) . Red raspberries are eaten fresh, frozen, or processed in a number of food products (Rao and Snyder, 2010; Tokus ‚ o glu and Stoner, 2011) . In addition to vitamins and minerals, the phytochemicals (bioactive compounds) in raspberries have been associated with benefits such as weight management, reduced blood pressure and cholesterol, improved cognitive brain function, slowed agerelated eyesight degeneration, and reduced risk of cardiovascular disease and stroke (Zafra-Stone et al., 2007) . Bioactive compounds can function as antioxidants, stopping or limiting damage to cellular DNA, proteins, and lipids caused by reactive oxygen species. A strong association between consumption of antioxidantrich foods and decreased risk of cardiovascular disease and some cancers has been reported (Heinonen et al., 1998) .
Use of high tunnels for fresh market red raspberry production has increased (Darnell et al., 2006; Fernandez et al., 1998; Hanson et al., 2011) . High tunnels are large, unheated, hoop-shaped structures covered in greenhouse-grade clear plastic, and offer a level of environmental protection between field and greenhouse production systems (Kadir et al., 2006; Heidenreich et al., 2008) . Most high tunnels in the United States and Canada are used for fall-fruiting primocane cultivars to extend the harvest season, increase marketable yields, and improve overall fruit quality (Demchak, 2009; Fernandez and Perkins-Veazie, 2013; Heidenreich et al., 2008) . Improved fruit quality can be obtained in high tunnels with fewer pesticide inputs (Demchak, 2009) . High tunnel structures shelter fruit from rainfall, keeping the plants and fruit dry and slowing the growth of fungal pathogens, as demonstrated by a 12% decreased incidence of gray mold (Botrytis cinerea) in tunnel vs. field-grown raspberries in Michigan (Hanson et al., 2011) . In North Carolina, red raspberry fruit yields increased 50% to 80% in high tunnels, depending on cultivar, due to reduction in gray mold and other diseases (Fernandez and Perkins-Veazie, 2013) .
Temperatures in high tunnels remain higher and more stable than in outside conditions, extending the harvest season and protecting high-value crops from winter frost damage (Carey et al., 2009) . Additionally, soil temperatures stay higher in tunnels, allowing for earlier planting dates and harvests. Both floricane and primocane raspberries can have a season extension of 3-4 weeks because of frost-free conditions in the tunnels, extending harvest times by 50% to100% (Heidenreich et al., 2008) . Four floricane and four primocane fruiting red raspberry cultivars grown in Michigan yielded 5.5 kgÁm -1 row when grown in tunnels in comparison with 2.5 kgÁm -1 row under field production (Hanson et al., 2011) . Primocane fruiting red raspberries grown in tunnels in Pennsylvania had marketable yields of 3.75-5.16 kgÁm -1 row, an increase of 200% to 300% compared with field-grown yields in a 5-year trial, and superior fruit quality and shelf life was obtained without the application of fungicides due to reduced gray mold incidence (Demchak, 2009) . Differences in phytochemicals among red raspberry cultivars and locations have been reported in previous research (Anttonen and Karjalainen, 2005; Freeman et al., 2011; Wang et al., 2009) , but the effects of high tunnel production on specific bioactive compounds in caneberries (Rubus sp.) is unknown (Thompson et al., 2009) .
In this study, three primocane fruiting cultivars of red raspberry grown in replicated yield trials under high tunnel and field cultivation at three locations in central and western North Carolina were evaluated to determine the effects of a warm production climate and high tunnel cultivation on anthocyanin, carotenoid, tocopherol, and ellagitannin content, among a number of other fruit quality factors. Since the effect of high tunnel cultivation on secondary metabolites in red raspberry has not been well established, based on early research in it and on other crops (Hanson et al., 2011; Kassim et al., 2009; Wang et al., 2009) , we hypothesized that field and tunnel-grown fruit would differ in quantity and/or type of phytochemicals.
Materials and Methods
PLANT MATERIAL. Two-year old, primocane-fruiting red raspberry cultivars Autumn Britten, Caroline, and Nantahala were grown in replicated trials at the Piedmont Research Station (PRS), Mountain Horticultural Crops Research Station (MHCRS), and Upper Mountain Research Station (UMRS) located in Salisbury, Mills River, and Laurel Springs, NC, respectively. Elevations are 214, 630, and 917 m above sea level with average harvest season maximum/minimum temperatures of 30/17, 27/14, and 23/12°C, respectively. At PRS, primocane fruit harvest in the field was from 1 July to 15 Oct., and in tunnels from 12 June to 19 Oct. At MHCRS primocane fruit harvest in the field was from 6 July to 11 Oct., and from 6 July to 25 Oct. in tunnels. For UMRS, primocane fruit harvest in the field was from 19 July to 21 Oct., and 10 July to 1 Nov. in tunnels. Fruit were grown in both open field and quonset-style rounded top high tunnels covered in polyethylene greenhousegrade plastic at each location, in twice-replicated plots, 6.1 m in length with five plants per plot. Red-ripe fruit of each cultivar were sampled five times from each location between 22 July and 20 Sept. 2010, and then placed into clamshells. Fruit was harvested by plot, with data representing a pooled five-plant average. Samples from the field were stored on ice and transported within 1-4 h to the laboratory, depending on location, where 50 g samples were transferred to plastic freezer bags, frozen at -80°C and lyophilized. Each sample was weighed before and after freeze-drying. Average dry weight among all of the samples was used to estimate fresh weight equivalents (grams) for the calculation of phytonutrient contents. Freeze dried fruit were crushed and sieved to remove pyrenes, and fruit tissue of about 40-mm particles was twice extracted in acidified methanol. Sample extracts were centrifuged, filtered, and stored at -80°C in 15-mL brown glass tubes until analysis. TOTAL ANTHOCYANINS. Total anthocyanins of extracts were determined by the pH-differential method of Giusti and Wrolstad (2001) using a spectrophotometer (ultraviolet-2450; Shimadzu Scientific Instruments, Columbia, MD) at absorbance of 510 and 700 nm. Samples were analyzed in triplicate and total anthocyanins reported as milligrams cyanidin-3-glucoside (cy-3-glu) equivalents per liter.
TOTAL PHENOLICS. Total phenolics of extracts were determined by the Folin-Ciocalteu method of Singleton and Rossi (1965) . Sample absorbance and gallic acid standards were measured at 765 nm by spectrophotometer in triplicate. Total phenolics were reported as milligrams gallic acid equivalents (GAE) per 100 g fresh weight (FW).
ANTIOXIDANT CAPACITY. Antioxidant capacity was determined using an adaption of the Ferric Reducing Antioxidant Power (FRAP) method developed by Benzie and Strain (1996) . Sample and trolox standard absorbance at 593 nm was measured in triplicate by spectrophotometer. Antioxidant capacity was reported as micromoles Trolox equivalents (TE) per gram FW.
MEASUREMENT OF ANTHOCYANINS AND PHENOLIC ACIDS BY HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY. Fruit extracts were filtered through 0.2-mm polytetrafluoroethylene (PTFE) membranes (Fisher Scientific, Pittsburgh, PA). Filtered samples were injected into a high-performance liquid chromatography (HPLC) system (1200; Agilent Technologies, Santa Clara, CA) equipped with an ultraviolet-visible diode array detector (ultraviolet-Vis DAD), controlled temperature autosampler (4°C), and column compartment (30°C). Chemstation software (Agilent Technologies) was used as the system-run controller and for data processing. Anthocyanin and ellagitannin separation was performed using a reversed-phase LC 18 column, 250 mm · 4.6 mm · 5 mm (Suplecoil; Supleco, Bellefonte, PA). The mobile phase consisted of 5% formic acid in water (A) and 100% methanol (B), with a flow rate of 1 mLÁmin -1 using a step gradient of 0 min, 10% B; 5 min, 15% B; 15 min, 20% B; 20 min, 25% B; 25 min, 30% B; 45 min, 60% B; 47 min, 10% B; 60 min, 10% B. Compound levels were estimated using standard curves generated by injecting 5 mL of 0.0625-0.5 mgÁmL -1 preparations for cy-3-glu and ellagic acid (Chromadex, Irvine, CA) as external standards. Quantification of anthocyanins was performed from the peak areas recorded at 520 nm in reference to the calibration curve of cy-3-glu, and quantification of ellagitannins was performed from the peak areas recorded at 280 nm in reference to the calibration curve of ellagic acid. Compound identification was performed based on retention time compared with authentic standards, liquid chromatography-mass spectrometry (LC-MS) data, and previously published reports (Mullen et al., 2002; Remberg et al., 2010) . Each sample was run in duplicate and content reported as milligrams per gram dry weight (DW).
HPLC MEASUREMENT OF CAROTENOIDS AND TOCOPHEROLS. Freeze dried fruit tissue (0.3-0.5 g) was extracted using hexane:ethanol:acetone at a ratio of 2:1:1 following the Fig. 2 . Chromatographic pattern of 'Caroline' showing anthocyanins present in 'Autumn Britten' and 'Caroline' red raspberry samples at 520 nm, detected by peak [micro absorbance units (mAU)] and retention time (min), and identified as follows: 3 -cyanidin-3-sophoroside (25.9 min); 4 -cyanidin-3-2 G -glucosylrutinoside (27.7 min); 6 -cyanidin-3-glucoside (29.2 min); 8 -cyanidin-3-rutinoside (31.5 min); 9 -pelargonidin-3-glucoside (32.2 min); 10 -pelargonidin-3-rutinoside (34.0 min). In the majority of 'Nantahala' samples, anthocyanins did not peak at point 4, 6, or 8. method of Fish et al. (2002) . Each sample was analyzed in triplicate. Six milliliters of the hexane layer was removed and dried under nitrogen gas using an evaporator (N-EVAP III; Organomation Associates, Berlin, MA), and resuspended in 1 mL HPLC grade methanol. Extracts (10-50 mL) were injected onto a HPLC (Elite; Hitachi High Technologies, Dallas, TX) equipped with a DAD and carotenoid C 30 4.6 · 250-mm column (YMC America, Allentown, PA). Carotenoids and tocopherols were detected using wavelengths of 470 and 292 nm, respectively. Mobile phase was 0.05% triethylamine (TEA) with 50 mM ammonium acetate in methanol (A), 0.05% TEA in 2-propanol (B), and 0.05% TEA with 250 mgÁL -1 BHT in THF (C) with a constant flow rate of 1 mLÁmin -1 using a step gradient of 0 min, 90% A, 10% B; 24 min, 54% A, 35% B, 11% C; 35 min, 30% A, 35% B, 35% C; 43-58 min, 90% A, 10% B. Calibration curves were determined using external standards of a-carotene, b-carotene, 9-cis-b-carotene, lutein, and zeaxanthin (CaroteNature, Ostermundigen, Switzerland) to identify and quantify carotenoids in samples.
STATISTICAL ANALYSIS. SAS statistical software (version 9.2; SAS Institute, Cary, NC) was used to perform statistical analyses. The experimental design was a 3 · 3 · 2 factorial (3 cultivars, 3 geographic locations, 2 cultural systems). Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were used to evaluate , Cy-3-sop = cyanidin-3-sophoroside, Cy-3,2-glru = cyanidin-3-(2 G glucosylrutinoside), Cy-3-glu = cyanidin-3-glucoside, Cy-3-rut = cyanidin-3-rutinoside. y Values are averaged across field and tunnel within location. Different letters within treatment are significantly different at P < 0.05. x Cy-3-rut values for 'Nantahala' at UMRS were not reported because the majority of samples had low compound concentration for accurate detection. ***P < 0.0001, **P < 0.01. Fig. 4 . Anthocyanin content of 'Autumn Britten' (A. Britten), 'Caroline', and 'Nantahala' red raspberry fruit tissue, averaged across location and time. Significance is indicated by Fisher's least significant difference (LSD), shown on each cultivar. In the majority of 'Nantahala' samples, anthocyanins cyanidin-3-2 G -glucosylrutinoside and cyanidin-3-rutinoside were detected at levels too low for quantification. differences in mass abundance of detected compounds, and to determine cultivar, location, time, and temperature effects on the quantity of detected anthocyanins, carotenoids, ellagitannins, tocopherols, and total phenolics, anthocyanins, and antioxidant capacity. LSMEANS with a Bonferroni correction was used to make pairwise comparisons among sample groups (cultivars, locations, cultural systems, harvest dates). Fisher's least significant difference was used to compare mean content among cultivars at a = 0.05. and retention time (min), and identified as follows: 1 -lutein (10.9 min); 2 -zeaxanthin (12.2 min); 3 -a-carotene (25.0 min); 4 -carotenoid ester (25.7 min); 5 -b-carotene (27.7 min); 6 -9-cis-b-carotene (29.2 min); 7 -carotenoid ester (32.8 min); 8 -carotenoid ester (35.7 min); 9 -carotenoid ester (36.9 min).
Results and Discussion
Total anthocyanins, total phenolics, and antioxidant capacity varied among cultivars (P < 0.0001). There were no significant differences between field and tunnel grown fruit, and therefore data were averaged across cultural system (field and tunnel) for each cultivar at each harvest location (Table 1) . 'Autumn Britten' and 'Caroline' fruit had higher total anthocyanin values than 'Nantahala' (P < 0.0001). Antioxidant capacity and total phenolic content were different among all cultivars, highest for 'Caroline', followed by 'Autumn Britten', and 'Nantahala' (P < 0.01 for all pairwise comparisons).
Cultivar and location interactions were significant for total anthocyanins, total phenolics, and antioxidant capacity (Table  1) . 'Autumn Britten' fruit samples from MHCRS had higher (P < 0.001) total anthocyanins, phenolics, and antioxidant capacity compared with 'Caroline' and 'Nantahala' fruit from all locations (Table 1) . Total anthocyanins measured lower (P = 0.0008) in 'Caroline' fruit samples from PRS (600 mg cy-3-glu equivalents per liter) than MHCRS (814 mg cy-3-glu equivalents per liter). 'Autumn Britten' fruit from MHCRS (14.2 mmol TE per gram FW) and 'Caroline' fruit from UMRS (14.0 mmol TE per gram FW) were highest of the three cultivars in antioxidant capacity (P = 0.01). Hanson et al. (2011) reported red raspberry genotype · environment interactions, where 'Caroline' and 'Autumn Britten' fruit from field cultivation were higher in total anthocyanin content and antioxidant capacity than fruit grown in identical plots under high tunnels. In contrast, tunnel-grown 'Heritage' fruit was higher in anthocyanin content and antioxidant capacity than field-grown fruit of the same cultivar.
Growth conditions in high tunnels are thought to mimic field settings except for reduced light exposure and slightly warmer temperatures (Demchak, 2009; Thompson et al., 2009) . By convention, high temperatures decrease anthocyanin content, while cool night temperatures contribute to anthocyanin accumulation and pigmentation in fruit species through effects on biosynthetic pathway enzymes and activity in the cell nucleus (Ozgen et al., 2008; Steyn, 2009 ). In contrast to this, a study by Remberg et al. (2010) on 'Glen Ample' raspberries under controlled environment found that as postflowering temperature increased from 12 to 24°C, total phenolics, total anthocyanins, and antioxidant capacity significantly increased. Studies in Michigan by Hanson et al. (2011) found differences in field and tunnel grown fruit depended on cultivar. Our results do not show differences in cultural system; however, differences were reported among locations in North Carolina dependent on cultivar. For each of these studies, more variation in anthocyanins, phenolics, and antioxidant capacity can be attributed to individual genotype of raspberries vs. environment, however environment could be defined in terms of temperature-range, whether among growth chambers, cultural system, or geographic location.
Ellagitannins, a major class of hydrolizable tannins, were measured in all samples (Fig. 1) . Peak 1 in Figure 1 was identified as lambertianin C, and peak 2 as sanguiin H-6 through chromatogram comparison from previous reports (Mullen et al., 2002; Remberg et al., 2010) and LC-MS confirmation. Significant differences among cultivars were found (Fig. 3) , with major ellagitannins highest in 'Caroline' (13.8 mgÁg -1 DW, P < 0.0001). Ellagitannin content did not differ significantly between tunnel and field-cultivated samples. Stephens et al. (2012) found ellagitannins in red raspberry to have moderate narrow-sense heritability estimates (h 2 = 0.46), and genotype · year correlations (r GY = 0.67), indicating that ellagitannin levels are primarily under genetic control. There was a cultivar · location interaction for Sanguiin H-6 content (P = 0.0094). 'Caroline' fruit from UMRS (9.31 mgÁg -1 DW) contained higher Sanguiin H-6 than fruit grown at PRS (7.67 mgÁg -1 DW), while the other cultivars showed no response with location. This response of 'Caroline' fruit, or lack of response in 'Autumn Britten' and 'Nantahala' fruit, could be due to genetic differences among cultivars for ellagitannin content, combined with sensitivity of specific cultivars to soil conditions, lower night temperatures, and less exposure to heat stress conditions (temperatures over 29°C) at UMRS (Molina-Bravo et al., 2011; CRONOS Weather System, Raleigh, NC). Anthocyanin peaks in Figure 2 were identified as cyanidin-3-sophoroside [cy-3-sop (peak 3)], cyanidin-3-(2 G glucosylrutinoside) [cy-3,2-glru (peak 4)], cy-3-glu [peak 6; which is also known to elute with cyanidin-3-sambubioside (cy-3-sam)], and cyanidin-3-rutinoside [cy-3-rut (peak 8)] based on previous reports and the use of external standards (Bradish et al., 2012; Mullen et al., 2002) . Based on elution patterns and known low levels within red raspberry fruit, peaks 9 and 10 were identified as pelargonidin-3-glucoside and pelargonidin-3-rutinoside (pel-3-glu and pel-3-rut, respectively). Peaks 5 and 7 could not be positively identified. Cy-3-glu and cy-3-sop were the most abundant in all of the samples and are generally characterized as the two primary anthocyanins in red raspberry (Anttonen and Karjalainen, 2005) .
Previous studies indicate that anthocyanin accumulation in red raspberry is primarily under genetic control, with some variation due to environmental factors (Anttonen and Karjalainen, 2005; Conner et al., 2005; Freeman et al., 2011; Kassim et al., 2009; Ozgen et al., 2008; Stephens et al., 2012) . Consistent with these reports, the majority of differences in anthocyanin content or individual anthocyanins were found among cultivars in our study. Although few differences were found in total anthocyanin content among harvest locations or production systems, interactions of cultivar and location and cultivar and cultural system were found among individual anthocyanins. When averaged over cultural system and time, cy-3-sop in 'Caroline' was highest, while 'Autumn Britten' and 'Nantahala' were not different (Table 2 , Fig. 5 ). Cy-3,2-glru and cy-3-rut were highest in 'Autumn Britten', while 'Caroline' and 'Nantahala' were not different. Cy-3-glu was highest in 'Nantahala' compared with the two other cultivars. However, cy-3-glu content was confounded because of its coelution with cy-3-sam. Cy-3-sam is typically found in black (R. occidentalis) and purple (R. neglectus) raspberries (Dossett et al., 2008; Jennings, 1988; . 'Nantahala' is one-quarter purple raspberry, and measures higher in cy-3-sam in comparison with 'Autumn Britten' and 'Caroline' red raspberries (Bradish et al., 2012) .
The interaction of cultivar · location was not uniform. Cy-3-sop and cyanidin-3,2-glru were lower in fruit from PRS (P < 0.01) than in those from UMRS or MHCRS (Table  2) . Cy-3-rut content was highest at MHCRS, followed by PRS, and lowest at UMRS (Table 2 ). Cultivar and location interactions were observed in cy-3-sop, cy-3,2-glru, and cy-3-rut. For cy-3-sop, the interaction of location and cultivar was more profound in 'Caroline' and 'Nantahala' berries, while interactions for cy-3,2-glru and cy-3-rut were more distinct in 'Autumn Britten' fruit (Table 2) .
Cy-3-glu was the only anthocyanin in all the red raspberry cultivars that consistently differed between field and tunnel samples [P = 0.0028 (Fig. 4) ]. Overall cy-3-glu was higher in fruit grown in field (4.01 mgÁg -1 DW) vs. tunnel cultivation (3.42 mgÁg -1 DW), when samples were pooled over location and time or cultivar, location, and time. This result is consistent with results from Kassim et al. (2009) and Bradish et al. (2012) . Decreased cy-3-glu and total skin anthocyanins were correlated to shading and high air temperatures in 'Merlot' grape (Vitis vinifera) in a study by Tarara et al. (2008) , similar to the high tunnel conditions with red raspberry fruit in our study.
In contrast to results with cy-3-glu, the interaction of cultivar · cultural system shows that cy-3-rut was higher in fruit grown under field vs. tunnel cultivation, (Fig. 4) and this effect was highly cultivar dependent. In particular, 'Autumn Britten' and 'Nantahala' fruit from field grown plants had more cyanidin-3-rutinoside (4.67 and 4.07 mgÁg -1 DW, respectively) than 'Caroline' fruit from either field or tunnel or tunnel culture [1.43 and 1.09 mgÁg -1 DW, respectively (P < 0.0001)]. Cy-3-rut and cy-3,2-glru for 'Nantahala' grown under high tunnels could not be quantified due to low compound concentration for accurate detection in the majority of samples. While cultivar or genotype effects generally control the content of flavonoid profiles, our results suggest that genotype · environment interactions may affect the quantity of specific flavonoids.
No genotype, location, or cultural system effects were found for pel-3-glu and pel-3-rut. This concurs with the results of Kassim et al. (2009) where pelargonidin content in red raspberry was unaffected by cultural system, suggesting that pel-3-glu and pel-3-rut levels in red raspberry fruit are controlled independently of environment.
Carotenoids and tocopherols contribute light quenching ability in plants, and a-and b-carotenoids offer foundation for the norisoprenoids a-and b-ionones that provide flavor in red raspberry fruit (Beekwilder et al., 2008) . Three tocopherols (Figs. 5 and 7) and five carotenoids (Figs. 6 and 8) were identified in 'Autumn Britten', 'Caroline', and 'Nantahala': d-tocopherol, g-tocopherol, a-tocopherol, lutein, zeaxanthin, a-carotene, b-carotene, and 9-cis-b-carotene. As quantities of zeaxanthin were very low, lutein + zeaxanthin were combined for statistical analysis.
Cultivar was the primary source of variance for carotenoids analyzed, along with some production system differences. Harvest date and location had no significant impact on variance, therefore samples were averaged over location and time. 'Autumn Britten' and 'Caroline' fruit were higher than 'Nantahala' for a-carotene, b-carotene, 9-cis-b-carotene, and lutein + zeaxanthin (P < 0.0001). Within cultivars, field-grown raspberries had higher a-carotene, b-carotene, lutein + zeaxanthin and total carotenoids than fruit from high tunnels. Lutein and carotenoid esters followed a similar pattern for cultivar and cultural systems. 'Caroline' fruit had the highest amount of total esters (217 mg/100 g DW), and field fruit was higher than tunnel fruit for 'Autumn Britten' and 'Caroline' (Fig. 8) . Carotenoid esters in red raspberry appear to be from lutein (Carvalho et al., 2013) . The higher carotenoid content found in field-grown raspberries compared with tunnel grown fruit indicates higher ultraviolet-light exposure in the field and the accumulation of carotenoids with known protective photochemical-quenching properties (Hirschberg, 2001) .
The tocopherols alpha, gamma, and delta were quantified in red raspberry fruit tissue and differed with both cultivar and production location (P < 0.01), but not cultural system. Αlpha-tocopherol was highest in 'Caroline' (12.5 mg/100 g DW) and 'Nantahala' (12.1 mg/100 g DW) fruit, while d-tocopherol was higher in 'Autumn Britten' (17.6 mg/100 g DW) than in 'Nantahala' fruit (11.7 mg/100 g DW). Raspberries from UMRS were highest in d-tocopherol and total tocopherols. Our samples, which were from fruit tissue only, had less g-and more a-and d-tocopherol, in contrast to Carvalho et al. (2013) , where a-tocopherol was least in samples that incorporated both fruit and pyrene tissue. The large differences in tocopherol content among red raspberry cultivars were also noted by Carvalho et al. (2013) .
With interest in breeding for nutritional value and the growing use of high tunnels, it is important to understand how high tunnel production affects phytochemical accumulation. In this study, we determined the flavonoid and carotenoid composition of red raspberries grown in field and high tunnel cultivation in a warm temperate climate in the southern United
States. In general, we found that the effects of high tunnel production and location on plant secondary metabolites measured were small compared with the influence of cultivar. High tunnel cultivation had minor effects on total anthocyanin or tocopherol content of red raspberry, while carotenoid content was higher in fruit grown in the field than in tunnel cultivation. The anthocyanins are more concentrated than the carotenoid pigments in red raspberry fruit, indicating that carotenoid pigments play an ancillary role for photoprotection or as precursors of aroma volatiles. Genotypes had the most profound differences among phytochemical levels. Production system had less pronounced effects on total contents, but did affect individual compounds. Our results support the hypothesis that red raspberry germplasm offers a primary source of variance in anthocyanin and carotenoids of fruit, while environmental effects such as those from elevation or protected culture have a secondary role.
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